Copper silicide nanowires as hosts for amorphous Si deposition as a route to produce high capacity lithium-ion battery anodes by Stokes, Killian et al.
Supporting Information  
 
Copper Silicide Nanowires as Hosts for Amorphous Si Deposition as a Route to Produce 
High Capacity Lithium-ion Battery Anodes 
 
Killian Stokes,a Hugh Geaney,a Martin Sheehan,a Dana Borsa,b and Kevin M. Ryan a,* 
a. Bernal Institute and Department of Chemical Sciences, University of Limerick, Ireland 
b. Smit Thermal Solutions B.V., Luchthavenweg 10, NL 5657, Eindhoven, Netherlands 
Email: kevin.m.ryan@ul.ie  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experimental Section  
Chemicals Used. All chemicals were used as received. Phenylsilane (PS, 97 %) was supplied 
by Fluorochem and was stored and dispensed from an Ar-filled glovebox.  
Substrate Preparation. Cu foil (99.99 %) was purchased from Goodfellows with a thickness 
of 0.1 mm. From this pieces of 10 mm x 80 mm were cut and cleaned by submerging in 0.1M 
nitric acid for 30 seconds, then repeatedly rinsed with deionised water and thoroughly dried 
before being immediately introducing into the reactor set-up.  
Reaction Setup.  
Cu15Si4 NW Synthesis. Reactions were carried out in a custom-made Pyrex round bottomed 
flask containing 7 ml of squalane (Sigma Aldrich, 99%). The growth substrates were placed 
vertically in the flask, which was attached to a Schlenk line setup via a water condenser. This 
was then ramped to a temperature of 125 °C using a three-zone furnace. A vacuum of at least 
100 mTorr was applied for 1 h to remove moisture from the system. Following this, the system 
was purged with Ar. The flask was then ramped to the reaction temperature under a constant 
Ar flow. A water condenser was used to control the HBS reflux and ensure that the reaction 
was kept under control. At the correct reaction temperature for Cu15Si4 growth (460 °C) 0.75 
mL of the PS precursor was injected, through a septum cap, into the system and the reaction 
proceeded for 45 min. When terminating the reaction, the furnace was opened, and the set-up 
was allowed to cool to room temperature before removing the NW covered substrates. The 
reacted substrates were rinsed with toluene to remove any residual squalane and dried prior to 
any additional steps. 
aSi Coating: aSi coatings were deposited on the Cu15Si4 NW decorated substrates using the 
expanding thermal plasma (ETP) source on the FLEx XL platform (Smit Thermal Solutions 
B.V). The ETP deposition exceeds the speed of conventional plasma systems (x10) making it 
an attractive system for Si deposition. The ETP set-up consisted of a cascaded arc plasma 
source and a low-pressure deposition chamber. The FLEx XL platform, equipped with multiple 
ETP sources to ensure uniform coatings. By varying process parameters such as precursor 
flows, source current, process pressure, the mass loading of the aSi layer can be tuned.1  The 
plasma source was used to create reactive species for the dissociation of SiH4 and the system 
was operated on high flows of Ar-H2 mixture leading to pressures of 0.2–0.6 bar when the 
plasma is ignited. The plasma emanates from the cascaded arc source through a nozzle and 
expands supersonically into the deposition chamber which is typically at a pressure of 0.1–0.3 
mbar. The substrate temperature is accurately controlled in the range of 200–500 ºC.  
Electrochemical Measurements.  
The entire active mass loadings were determined by careful weighing of the substrate after 
Cu15Si4 growth and after aSi deposition using a Sartorius Ultra-Microbalance SE2 
(repeatability ± 0.25 µg). The electrochemical performance was evaluated by assembling two 
electrode Swagelok type cells in an Ar filled glovebox.  
Half-Cells. The cells consisted of Cu15Si4/aSi core/shell NWs grown from Cu current 
collectors (8 mm x 8 mm pieces were cut out) as the working electrode, Li foil as the counter 
and reference electrode, a Celgard separator and an electrolyte solution of 1 M LiPF6 in 
ethylene carbonate/diethyl carbonate (1:1 v/v) + 3 % vinylene carbonate (Sigma Aldrich, 99 
%). Prior to cell assembly the separator paper was soaked overnight in the electrolyte, with an 
additional 40 µL dropped into the swagelok cell via micro-pipette during assembly. 
Galvanostatic measurements were carried out using a Biologic MPG-2 in a potential range of 
0.01 – 1.0 V versus Li/Li. 
Full-Cells. All specific capacities are given in terms of the anode mass for the various tests. 
Set up is the same as in half-cells except that the Li foil is replaced with LCO cathodes (NEI 
Corporation, mass loading = 6.2 mg/cm2). Full cell experiments were carried out by cycling 
the copper silicide/aSi counter/reference electrode against commercial (LiCoO2) LCO on Al 
foil working electrodes in a two-electrode configuration. 0.64 cm2 cathodes were punched from 
the foil, leading to a fixed cathode capacity of 555.52 μAh  (a P:N ratio of approximately 1:1.2 
was used) for each test. The purpose of the slight cathode excess was to account for irreversible 
losses due to SEI formation and material restructuring. Galvanostatic measurements were 
carried out in a potential range of either 2.8 – 3.9 V or 2.5 – 4.0 V. 
 
Material Characterization. Scanning electron microscopy (SEM) analysis was performed on 
a Hitachi SU-70 system operating between 5 and 20 kV. The substrates required no prior 
treatment before SEM analysis. For transmission electron microscopy (TEM) analysis the NWs 
were removed from the growth substrate through sonication before being drop casted onto a 
lacy carbon TEM grid. TEM analysis was conducted at 200 kV on a JEOL JEM-2100F field 
emission microscope equipped with a Gatan Ultrascan CCD camera and EDAX Genesis EDS 
detector. The mass of aSi deposited was determined through measurement using a Sartorius 
Ultra-Microbalance SE2 (repeatability ± 0.25 μg. X-ray diffraction (XRD) analysis was 
conducted using a PANalytical X’Pert PRO MRD instrument with a Cu-Kα radiation source (λ 
= 1.5418 Å) and an X’celerator detector. 
 
 
Figure S1. Lower (a-b) and higher (c-d) magnification images of the Cu15Si4 NW arrays 
synthesised directly from the Cu current collector. 
 
 
Figure S2. Low (a-b) and high (c-d) magnification images of the Cu15Si4/aSi NW material 
following the PECVD of the amorphous Si layer. 
 
 
 
Figure S3. TEM image of a Cu15Si4/aSi NW with corresponding EDX line profile showing 
signals for Si (blue) and Cu (green). 
 
Figure S4. Changes in substrate appearance from (a) the unreacted Cu foil starting material to 
(b) Cu15Si4 current collector following reaction with phenylsilane before (c) deposition of an 
amorphous layer of Si via a PECVD process using silane gas. The most dense coverage areas 
of NWs on the substrate were contained within the black dots across the surface. However, it 
should be noted that the grey regions also contained NWs that were effectively coated with aSi 
 
  
 
Figure S5. (a) XRD taken of the substrates directly after copper silicide growth, after the 
amorphous Si has been deposited and after 100 charge and discharge cycles (in a half-cell). 
Peaks corresponding to Cu15Si4(#), Cu0.83Si0.17(*)and Cu appear in each spectra confirming that 
the Cu15Si4/Cu0.83Si0.17 takes no part in Li cycling. (b) Standard XRD spectra for i) Cu, ii) 
Cu0.83Si0.17 and iii) Cu15Si4. 
 
 
 
 
 
 
 
 
 
Table S1. Comparison of initial and final discharge capacities for binder-free Si active 
materials. For studies where current is give in A/g a value of 3.58 A/g is estimated as 1C using 
the theoretical capacity of Si (3579 mAh/g), unless otherwise specified. 
Author (Year) Material No. of Cycles 
(C Rate) 
Discharge Capacity (mAh/g) 
 
Initial Final 
 
Chan, C.K., et. 
al. (2008)2 
 
Au seeded Si 
NWs 
10 (C/20) 3124 >3000 
Cui, L. –F.; et. 
al. (2009)3 
Crystalline – 
amorphous core 
– shell Si NWs 
 
100 (C/5) 1100 1000 
Cui, L. –F.; et. 
al. (2009)4 
 
Carbon – silicon 
core – shell 
NWs 
55 (C/5) 2000 1600 
Nguyen, H.T.; 
et. al., (2011)5 
‘Interconnected’ 
(Au seeded) Si 
NWs  
 
50 (C/2) – 70 
(2C)  
3500 (C/2) 
2000 (2C)  
2930 (C/2) 
1800 (2C) 
Chen, H.; et. 
al. (2011)6 
 
Cu coated Si 
NWs 
30 (C/20) 3700 2138 
Cao, F. –F.; et 
al. (2011)7 
Cu-Si 
nanocables 
Cu-Si-Al2O3 
nanocables 
 
100 (C/10* and 
C/2*) 
 
(*Estimated 
using 3.58 A/g 
as 1C) 
 
1890 
1820 
n/a 
1560 
Zhang, Y.; et. 
al. (2012)8 
Si deposited on 
nanoporous Ni 
 
100 (C/4*) 
 
(*Estimated 
using 3.58 A/g 
as 1C) 
 
2444 2025 
Nguyen H.T.; 
et. al. (2012)9 
Al2O3 coated 
NixSi-Si core-
shell NWs 
120 (C/20 and 
C/4) 
3500 2750 
Wu, H.; et al. 
(2012)10 
Double-walled 
Si NTs 
900 (C/5) 
6000 (12C) 
1780 (C/5) 
~650 (12C) 
 
1352 (C/5) 
~570 (12C) 
Memarzadeh 
Loftabad, E.; 
et al. (2013)11 
 
ALD TiO2 
coated Si NWs 
100 cycles 
(C/10) 
3000 1600 
Cho, J. –H.; et. 
al. (2013)12 
Template 
assisted Si NWs 
1100 (C/2) 3000 800 
 
Li, F.; et. al. 
(2013)13 
Ni-silicide– 
silicon core–
shells  
 
50 (C/2) 3733 2200 
Zhao, C.; et. al. 
(2015)14 
Si in 3D foam 
matrix 
 
200 (C/7) 2500 1200 
Xia, F.; et. al. 
(2015)15 
Si NWs 
synthesised on a 
graphene 
interfacial layer 
 
200 (C/10) 
(Upper cut-off 
of 1.5V used) 
3360 2400 
Wang, X.; et. 
al. (2016)16 
Carbon coated 
Si NWs on 
carbon fabric 
current collector 
 
>550 (C/40 and 
C/4) 
4000 2000 
Wang, H.; et 
al. (2016)17 
 
Cu/a-Si core-
shell NWs 
150 1730 1228 
Kim, G. –T.; et 
al. (2017)18 
 
Si NWs in ionic 
liquid 
electrolyte 
500 (C/2) 2200 830 
Kennedy, T.; 
et. al. (2017)19 
 
Sn seeded Si 
NWs 
250 (C/5) 1658 1333 
Zhang, Z.; et. 
al. (2018)20 
 
Multi-shelled 
Si@Cu MPs on 
3D Cu current 
collector 
 
1500 (C) 1242 1080 
Wang, J.; et al. 
(2018)21 
 
Si NP cluster 
@Si @graphite 
300 3096 (C/20) 1388 (C/2) 
Wang, J.; et al. 
(2019) 
 
Mesoporous Si 
@Si @Graphite 
300 2834 (C/20) 1246 (C/2) 
This Work Amorphous Si 
coated Cu15Si4 
NWs 
 
200 (C/5) – 
half-cell 
50 (C/5) – full-
cell 
3500 (half-cell) 
3200 (full-cell) 
2030 (half-cell) 
2450 (full-cell) 
 
 
 
 
Figure S6. Cyclic voltammetry comparison of the (a) Cu15Si4/aSi NW anode vs (b) a blank 
Cu15Si4 NW anode.  
 
 
 
 
Figure S7. (a) Galvanostatic cycling of amorphous Si deposited onto a planar Cu substrate in 
comparable mass loading to the anodes tested in this study. (b) Comparison of the discharge 
capacity retention as a percentage for the Cu15Si4/aSi NW anode planar Cu/aSi anode.  
 
 
Figure S8. (a) Galvanostatic cycling of amorphous Si deposited onto CuSi NWs cycled in 
EC/DEC electrolyte vs Li foil. (b) Comparison of the discharge capacity retention as a 
percentage for the Cu15Si4/aSi NW anode cycled in EC/DEC + 3% electrolyte (magenta) and 
EC/DEC electrolyte (cyan).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S2: Comparison of cycling performance for binder-free Si active materials at rates of 5C. For 
studies where current is give in A/g a value of 3.58 A/g is estimated as 1C using the theoretical capacity 
of Si (3579 mAh/g), unless otherwise specified. 
Author (Year) Material Capacity at 5C 
(mAh/g) 
 
Chan, C.K., et. al. (2008)2 Au seeded Si NWs Not tested at 5C 
(2100 mAh/g at 1C) 
 
Cui, L. –F.; et. al. (2009)3 
 
Crystalline – amorphous 
core – shell Si NWs 
 
Not tested at 5C 
(800 mAh/g at 1.6C) 
Cui, L. –F.; et. al. (2009)4 
 
Carbon – silicon core – shell 
NWs 
Not tested at 5C 
(800 mAh/g at 1C) 
 
Nguyen, H.T.; et. al. 
(2011)5 
‘Interconnected’ (Au 
seeded) Si NWs 
 
500 mAh/g 
Chen, H.; et. al. (2011)6 
 
Cu coated Si NWs Not tested at 5C 
(2200 mAh/g at C/2) 
 
Cao, F. -F.; et al. (2011)7 Cu-Si nanocables 
Cu-Si-Al2O3 nanocables 
 
Not tested at 5C 
48 mAh/g 
790 mAh/g 
(Capacities at 14 A/g which 
was estimated to be 4C; the 
closest rate to 5C tested) 
 
Zhang, Y.; et. al. (2012)8 
 
Si deposited on nanoporous 
Ni 
 
Not tested at 5C 
(1273 mAh/g at 2C*) 
*estimated 
 
Nguyen H.T.; et. al. (2012)9 Al2O3 coated NixSi-Si core-
shell NWs 
 
>400 mAh/g 
Wu, H.; et al. (2012)10 Double-walled Si NTs 
 
~900 mAh/g 
Memarzadeh Loftabad, E.; 
et al. (2013)11 
 
ALD TiO2 coated Si NWs 1020 mAh/g 
Cho, J. –H.; et. al. (2013)12 Template assisted Si NWs 1500 mAh/g (at upper cut 
off of 1.5V) 
(1200-1300 at 1V) 
 
Li, F.; et. al. (2013)13 Ni-silicide– silicon core–
shells 
Not tested at 5C 
(1385 mAh/g at 2C*) 
*estimated 
 
Zhao, C.; et. al. (2015)14 Si in 3D foam matrix Not tested at 5C 
(1000 mAh/g at C/2) 
  
Xia, F.; et. al. (2015)15 Si NWs synthesised on a 
graphene interfacial layer 
Not tested at 5C 
(1500 mAh/g at 4C at upper 
cut off of 1.5V) 
 
Wang, X.; et. al. (2016)16 >550 (C/40 and C/4) 
 
Not tested at 5C 
(1500 mAh/g at 4C at upper 
cut off of 1.5V) 
 
Wang. H.; et al. (2016)17 Cu/a-Si core-shell NWs 
 
Not tested at 5C 
(430 mAh/g at 6C*) 
*estimated 
 
Kim, G. -T.; et al. (2017)18 
 
Si NWs in ionic liquid 
electrolyte 
 
Not tested at 5C 
(473 mAh/g at 3C at upper 
cut off of 2V) 
 
Kennedy, T.; et. al. 
(2017)19 
 
Sn seeded Si NWs Not tested at 5C 
(1210 mAh/g at C; estimated 
using 73% retention at this 
rate) 
 
Zhang, Z.; et. al. (2018)20 
 
Multi-shelled Si@Cu MPs 
on 3D Cu current collector 
 
1000 mAh/g 
Wang, J.; et al. (2018) Si NP cluster @Si 
@graphite 
 
Not tested at 5C 
(1200 mAh/g  at 4C) 
Wang, J.; et al. (2019) Mesoporous Si @Si 
@Graphite 
 
Not tested at 5C 
This Work Amorphous Si coated 
Cu15Si4 NWs 
 
1370 mAh/g (half-cell) 
1520 mAh/g (full-cell) 
 
 
 
 
Figure S9. Percentage of the discharge capacities retained for the Cu15Si4/aSi core/shells at 
each different rate they were analysed at in: (a) Half-cell configuration and (b) Full-cell 
configuration. 
 
Figure S10. a) Rate capability of a planar Cu/aSi anode where the active material was tested 
for 5 cycles at C/10, C/5, C/2, C, 2C, 5C and C/10. b) Corresponding capacity retention as a 
percentage. 
 
 
 
Figure S11. (a) Charge and discharge capacities and coulombic efficiencies over 100 cycles 
for the Cu15Si4/a/Si core/shell anodes when cycled in a full-cell against a LCO cathode at a rate 
of C/5. (b) Voltage profiles for the 1st, 10th, 25th, 50th and 100th full-cell charge and discharge 
cycles. (c) Charge and discharge capacities in a full-cell that were exhibited at rates of: C/10, 
C/5, C/2, C, 2C, 5C and C/10 (d) Differential capacity plot relating to the 2nd full-cell charge 
and discharge cycle at C/10. For the DCPs the 2nd cycle was selected so any peaks related to 
1st cycle irreversible processes and SEI formation could be omitted. Full-cell voltage window 
= 2.5 – 4.0 V. 
 
 
Figure S12. Comparison of the discharge capacity retention, expressed as a percentage, for the 
Cu15Si4/aSi material cycled at voltage windows: 2.8 – 3.9 V and 2.5 – 4.0 V (a) over 100 cycles 
and (b) rate capability testing (rates tested: C/10, C/5, C/2, C, 2C, 5C and C/10).  
 
Figure S13. Overlaid differential capacity plots exhibited for Cu15Si4/aSi full cells at voltage 
windows of 2.8 – 3.9 V and 2.5 – 4.0 V when cycled at rates of (a) C/10, (b) C/5, (c) C/2, (d) 
C, (e) 2C, (f) 5C and (g) C/10. (f) Comparison of the average discharge capacities for the 
material at each of the voltage windows for each rate analyzed. 
 
 
Figure S14. (a-f)_Cross-sectional SEM images at different magnifications showing that the 
CuSi/aSi active material morphology remains well adhered to the current collector after 50 
cycles (vs metallic Li). The active material was cycled at a rate of C/5 prior to characterization 
 
 
Figure S15. (a) Comparison of the 1st cycle voltage profiles, with normalized capacities, for 
the CuSi/aSi NW morphology and planar Cu/aSi electrodes. (b) Comparison of the 1st cycle 
EIS for the two electrodes. (c) Comparison of the 50th cycle voltage profiles, with normalized 
capacities, for the CuSi/aSi NW morphology and planar Cu/aSi electrodes. (d) Comparison of 
the 50th cycle EIS for the two electrodes. The equivalent circuit used in the analysis is 
presented  in  the  inset  of (b) and (d). Rs  (series  resistance)  represents  the  ohmic  portions  
of  cell impedance, Rct is the charge transfer at the electrode and Zw (Warburg Impedance) is 
related to Li diffusion.  
 
After 1 cycle, the Rct for the planar Cu/aSi electrode (orange) is 265 Ω while the Rct exhibited 
for the CuSi/aSi NW architecture (magenta) is 177 Ω. After 50 cycles the Rct for the planar Cu 
anode is 1071 Ω and is substantially higher than the 215 Ω observed for the CuSi NW electrode 
after the same number of cycles. Even from the first cycle within a HC (a), there is a noticeable 
difference between the voltage profiles for the planar and CuSi NW anodes. The delithiation 
of the CuSi occurs at a significantly lower potential than the corresponding planar anode. This 
can be rationalized in terms of the increased impedance for the planar Cu anode compared to 
the CuSi NW based anode (b). By 50 cycles, this difference in the voltage profiles is more 
obvious, with both the lithiation and delithiation potentials occurring with higher overpotentials 
for the planar electrodes (c). The increased impedance for the planar Cu anode compared to the 
NW based anodes after 50 cycles is also clearly demonstrated (d). 
 
 
 
Figure S16. DFSTEM of the material after 100 charge and discharge cycles. The related 
elemental maps show the signals for Cu (green) remain localized within the Cu15Si4 segments. 
 
 
Figure S17. (a-f) SEM images of the Cu15Si4/aSi morphology after 100 cycles at increasing 
magnifications. The lower magnification images (a-d) show the material remains well adhered 
to the current collector after cycling while the higher magnification images (e-f) reveal the 
extent of restructuring undergone by the material as a result of repeated lithiation and 
delithiation. 
 
Figure S18. (a-f)_ SEM images at different magnifications of the planar Cu/aSi active material 
after 50 cycles (vs metallic Li). Extensive fracturing and delamination of the active material 
was observed with large portions of the current collector absent of any aSi. The active material 
was cycled at a rate of C/5 prior to characterization 
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